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ABSTRACT: Recently, cobalt-based oxides have received consid-
erable attention as an alternative to expensive and scarce iridium
for catalyzing the oxygen evolution reaction (OER) under acidic
conditions. Although the reported materials demonstrate promis-
ing durability, they are not entirely intact, calling for fundamental
research efforts to understand the processes governing the
degradation of such catalysts. To this end, this work studies the
dissolution mechanism of a model Co3O4 porous catalyst under
different electrochemical conditions using online inductively
coupled plasma mass spectrometry (online ICP-MS), identical
location scanning transmission electron microscopy (IL-STEM),
and differential electrochemical mass spectrometry (DEMS).
Despite the high thermodynamics tendency reflected in the Pourbaix diagram, it is shown that the cobalt dissolution kinetics is
sluggish and can be lowered further by modifying the electrochemical protocol. For the latter, identified in this study, several
(electro)chemical reaction pathways that lead to the dissolution of Co3O4 must be considered. Hence, this work uncovers the
transient character of cobalt dissolution and provides valuable insights that can help to understand the promising stability of cobalt-
based materials in already published works and facilitate the knowledge-driven design of novel, stable, abundant catalysts toward the
OER in an acidic environment.

■ INTRODUCTION
The intermittent nature of renewable energy sources requires
the conversion of the produced energy into valuable chemicals,
such as hydrogen, carbon monoxide, and small organic
molecules.1 Water and CO2 electrolyzers offer efficient energy
conversion and production of value-added chemicals and
energy carriers.2−4 Although technologies like proton exchange
membrane (PEM) and anion exchange membrane (AEM)
electrolyzers are advancing rapidly, both suffer from design-
dependent limitations. PEM electrolyzers, which are more
promising in practical applications due to the high current
densities and commercially available proton exchange mem-
branes, are limited by highly aggressive acidic environments.1,3

While substantial advances have been made in the develop-
ment of this technology, the critical bottleneck still lies in the
oxygen evolution reaction (OER), which takes place at the
anode side.1,3 Driving the OER in a PEM water electrolyzer
requires the employment of expensive and scarce noble metals
such as Ir,5 since cheaper and more abundant materials are
considered unstable at low pH and high anodic potential.
Nonetheless, recent studies suggested that Co- and Mn-based
oxides can be relatively stable in acidic media and facilitate the
OER reaction.6−9 Many strategies were reported to improve

not only the activity but also the electrochemical stability of
the non-noble metal-based catalysts. The most popular
approaches include the development of protective layers on
the anode catalysts,10−12 the utilization of core−shell
structures,13 the control of the valence states of Co cations
by altering the catalyst’s structure via doping or partially
substituting its cations or anions with other elements,14−26 and
the introduction of Supporting Information.27−29

Although considerable progress has been achieved in these
studies, the degradation mechanisms of such catalysts are
rarely investigated and/or understood. The stability of the
catalysts is often analyzed only from the electrocatalytic
performance point of view (e.g., stable performance during the
chronopotentiometry or chronoamperometry measurements),
while the structural and chemical stability are rarely
considered. This can result in an overestimated evaluation of
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the catalysts’ durability, as the activity might be maintained
simply by the constant dissolution of the catalyst, which would
provide freshly exposed active sites during the operation until
the complete degradation of the catalyst. Moreover, restructur-
ing of the catalyst surface and initial dissolution of the
electrodes, when first brought in contact with the highly
oxidizing electrolyte, is usually not discussed. Therefore, the
investigation of the dissolution and other possible degradation
processes of the proposed potentially stable catalysts at low pH
and under various electrochemical conditions is crucial.9

However, it is usually challenging and costly to study these
processes as these experiments require the use of complex in
situ techniques.30 Moreover, exploring the dissolution
processes becomes significantly more complex with the
number of elements in the catalyst going up.

We, therefore, suggest taking a step back and starting by
analyzing the possible stability and degradation processes of
simple systems such as single metal oxides, more specifically,

model porous Co3O4. This will provide the necessary insights
for a knowledge-driven design of the Co-based acidic OER
catalysts. In this work, we investigate the behavior of ordered
mesoporous (OM-) Co3O4 under various electrochemical
conditions at pH ≈ 1. To do this, we employed online
inductively coupled plasma mass spectrometry (online ICP-
MS) using a scanning flow cell (SFC), identical location
scanning transmission electron microscopy (IL-STEM), and
differential electrochemical mass spectrometry (DEMS). This
allows us to quantitatively analyze the dissolution of cobalt
ions in situ,31 follow the morphological changes in the material
during the dissolution and identify the degradation mechanism
of the catalyst.

■ RESULTS AND DISCUSSION
Before discussing the dissolution data, we briefly describe the
structure and morphology of the material utilized in this study
(see Suppoting Information). Briefly, Co3O4 is a well-known

Figure 1. Dissolution profile of cobalt in Co3O4 under the AST (a) and start-up/shutdown (b) protocols. The inset in (a) shows the CVs recorded
at 200 mV s−1 during the experiment. The inset in (b) presents the integrated dissolution peaks in the start-up/shutdown protocol (light/dark blue
columns at inset). The light orange color represents the original data, and the dark orange shows the smoothed signal for a better presentation. All
the current densities are obtained by normalizing the collected current by the geometric surface area of the electrode. Comparison of S-number
between Co-, Ru-, and Ir-based materials (c). The S-number values for Ru and Ir-based materials were taken from the following works: Zlatar et al.,
2023;41 Van Pham et al., 2020;42 Hoffmeister et al., 2024.43 The S-number values for Co-based materials were taken from the following works: Zhu
et al., 202344 and Lee et al., 2024.45 The numbers in the columns refer to the number of references cited.
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spinel material where cobalt cations are present in two
oxidation states: CoII and CoIII (Figure S1).32 The material
used here is OM-Co3O4 with a high specific surface area (108
m2 g−1, Figure S2a), narrow pore size distribution with most
pores being 4.9 nm in size (Figure S2b), and an ordered
mesoporous structure.33−36 Figure S2c,d confirms the spinel
structure of the material and the presence of typically observed
oxidation states of Co (CoII and CoIII). In the past decade, it
was also extensively studied as an efficient alkaline OER
catalyst.34,35 All the experimental details, including synthesis,
characterization, and electrochemical testing, are included in
the Experimental Methods section.

The investigation of Co3O4 stability in acidic electrolytes
under varied electrochemical conditions started with specifi-
cally designed protocols based on the initial dissolution
assessments (see Figure S3). Accelerated stress tests (ASTs)
with different upper and lower potential limits (UPL and LPL,
respectively) are presented in Figures 1a and S4a−c. The first
dissolution peak is observed at the very first contact of the
electrode and the electrolyte, which is common for many
materials.37−39 With the start of a rapid scanning (200 mV s−1)
in the potential window of the oxidation and reduction
reactions (possibly CoII/III and CoIII/III−IV redox couples, 1.2−
1.65 VRHE) and even a start of the OER (up to 1.7 VRHE), we
detected a significant dissolution of the cobalt oxide, as can be
seen in Figure 1a. Interestingly, the dissolution decreases, and
the Co dissolution rate drops to the level of a steadily
decreasing signal from the contact peak within ca. 50 cycles
(marked as a dashed blue line in Figure S4a−c) suggesting the
material’s passivation or stabilization. Such a drastic dissolution
at the start of cycling can be caused not by cycling itself but by
the sharp initial increase in the applied potential, which causes
prompt oxidation of the surface and, thus, transient dissolution
due to the surface restructuring.40 The dissolution profile

depicted in Figure S4d supports this assumption, as the cobalt
signal significantly rises with every large swap in the applied
potential and decreases quickly when the potential is held
constant. We assume that at a constant potential, the Co3O4/
electrolyte interface reaches an equilibrium-like state relatively
fast, presumably due to the passivation of the surface, while any
significant change in the potential triggers the rapid dissolution
of cobalt. This trend seems to be an intrinsic property of
Co3O4, as such behavior is seen for each AST protocol
regardless of the potential at which the sample was exposed to
the electrolyte or the potential window in which the cycling
was performed.

Steep potential changes usually occur during the start-up/
shutdown (power on/off) operation of the PEMWE cells and
prolonged cell-off times, which, based on the previously
discussed findings, would cause a dramatic dissolution of the
Co3O4 catalyst at the anode. To examine how damaging the
fluctuating energy input can be for cobalt oxide, we designed
an electrochemical protocol shown in Figure 1b. The catalyst
was first contacted at the open circuit potential (OCP) (0 mA
cm−2) and held for 10 min to allow the cobalt signal to
decrease for a better resolution of the following dissolution
peaks. After that, the material was exposed to 12 consecutive
start−stop cycles from 1 mA cm−2 to OCP with the steps of 2
min in time. Predictably, the highest dissolution peak (after the
contact peak) is observed at the start of the first cycle, when
the potential increases from ca. 1.2 VRHE to ca. 1.75 VRHE. Even
within the 2 min hold, however, cobalt dissolution decreases
drastically due to the stabilization of the interface under
constant conditions (Figure S5a). A second dissolution peak is
observed at the power-off point, where the potential changes
cathodically. The inset in Figure 1b demonstrates the
dissolution of cobalt obtained from dissolution rate peak
integration. The dissolution of cobalt triggered by the anodic

Figure 2. Dissolution profiles of cobalt in Co3O4 during the CV measurements with the LPL of 0.05 VRHE (a) and 1.00 VRHE (b) at 2 mV s−1 scan
rate; comparison of the voltammograms recorded during these experiments on a full scale (c), and the zoomed-in area of the redox peaks (d); the
dissolution profile of Co during the stepwise potentiostatic test (e). All the current densities are obtained by normalizing the collected current by
the geometric surface area of the electrode. The light blue color in the CV plots highlights the region of the first transient dissolution due to the
oxidation reactions, blue highlights the stabilization precatalytic region, pink highlights the OER-induced dissolution, and yellow highlights the
transient dissolution due to the reduction reactions. The lowest dissolution regions in (e) are also highlighted in blue.
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change in the potential, although extremely high at the start of
the protocol, decreases continuously with each subsequent
cycle and is lower than cathodic dissolution (dissolution during
the OCP, termed this way for the sake of simplicity, even
though the exact dissolution mechanism may be anodic, see
below) already during the second cycle. One can assume that
cobalt species with higher oxidation states, possibly CoO2,
formed during the oxidation of CoIII- to CoIII−IV-based species
in the precatalytic region (the potential window in this
protocol) are stable. It is important to note that it is impossible
at this point to draw conclusions about the oxidation states of
the formed cobalt species, as studies with the use of
spectroscopic techniques are needed to answer this question.
It seems that these formed species with higher oxidation states
can be stable even in the OER region as long as the potential is
held constant, and the current density is low. The amount of
cathodically dissolved cobalt, however, hovers around 30−40
ng cm−2 per hold after the second cycle until the end of the
protocol. The previously formed CoIII−IV-based species seem to
dissolve (partially) rapidly during each cathodic sweep,
presumably due to their reduction. Such behavior suggests
that the CoIII to CoIII−IV oxidation process is less destructive
than the respective reduction reaction, and either not all the
oxidized species are reduced during each following cathodic
sweep or not all reduction acts cause dissolution (Figure S5b).
Following this, the stability number (S-number)46 of the cobalt
oxide increases with each cycle of the protocol (Figure S5c).
We also compared the S-number obtained in this work with
the other reported materials (Figure 1c). Naturally, the Co-
based catalysts exhibit lower stability performance, but some
mixed metal oxides are already approaching the S-number of
pure ruthenium oxide. Moreover, even the stability of Ir-based
OER catalysts depends on their crystal and morphological
structure, greatly affecting the S-number that can vary from
300 to 320,500, as was shown by Maillard et al.47

To provide more information about the relationship
between the redox processes and the dissolution of cobalt, it
is crucial to examine the behavior of Co3O4 during the
continuously changing potential. Figure 2a,b presents the
dissolution profiles of cobalt recorded during the CV
measurements starting at either 0.05 VRHE or 1.00 VRHE LPL.
To successfully resolve the dissolution peaks triggered by
numerous possible redox reactions, we performed these CV
measurements at a low scan rate of 2 mV s−1. The respective
voltammograms are presented in Figure 2c,d. Although we
observe several dissolution peaks, we will focus mostly on a few
of them, which we highlight in colors on the graphs. To explain
the dissolution trends, we also suggest possible reaction
pathways for the processes discussed here, which are presented
in Chapter 3 of the Supporting Information and discussed in
detail later in the text. The relatively rapidly increasing
dissolution of cobalt highlighted in light blue appears in a wide
potential window, where, following the CV redox peaks, the
first oxidation reaction (A1, possibly oxidation of CoII to CoIII)
takes place (eq A1 in the Supporting Information). The next
oxidation reaction, presumably the transition to higher
oxidation states (A2, CoIII to CoIII−IV), occurs in the narrow
potential window (ca. 1.55−1.65 VRHE) highlighted in blue (eq
A2 in the Supporting Information). Interestingly, this reaction
induces stabilization of cobalt oxide, as we observe a clear and
prompt drop in the dissolution rate of cobalt. Hypothetically,
the formation of stable CoO2 species might take place in the
pre-OER region, which is suggested by the Pourbaix diagram

of cobalt (Figure S6).48 However, the potential of the CoO2
formation can be shifted to this potential window at higher
aqueous ion concentrations according to Figure S6, where we
compare the change in the Pourbaix diagrams at the ion
concentrations of 10−3, 10−6, and 10−9 M. Other feasibly
formed species could be CoO(OH)x, which are typically
formed on Co3O4 surface in alkaline media49 under similar
conditions and which formation was recently reported by
Natarajan et al. in acidic media.32 However, the formation of
these species at low pH contradicts the thermodynamic data
presented in the Pourbaix diagrams (Figure S6). This
stabilization region is followed by the OER region (highlighted
in pink, Figure 2), where the rapid dissolution starts. We
assume that this dissolution is OER-induced, and a possible
mechanism includes the decomposition of CoIII−IV-based
species to soluble low oxidation state species (e.g., CoO)
with simultaneous liberation of O2, suggesting lattice
participation (lattice OER, LOER; eqs B1−B1.2 in the
Supporting Information).50,51 Note that online dissolution
studies using ICP-MS can only indirectly suggest the
mechanism of this reaction. Direct evidence using DEMS31,52

is discussed in detail at a later point. Returning to Figure 2, in
the cathodic direction, the Co dissolution decreases rapidly, as
also the rate of the OER decays. A further change of the
potential in the cathodic direction (approximately 1.6−1.4
VRHE) triggers a slight increase in the dissolution rate of cobalt
(highlighted in yellow in Figure 2a,b) due to the reduction of
the previously oxidized Co species (Figure 2d; eqs C1 and C2
in the Supporting Information).

As we found that the precatalytic region stabilizes the Co3O4
in the acidic environment, we studied this region in more
detail. To do this, we designed protocols where the potential
changes in a stepwise manner. Figures 2e and S7 demonstrate
the dissolution profiles of cobalt recorded during these
electrochemical protocols. Here, we highlighted in blue the
potential regions where the lowest dissolution is observed.
Generally, when the potential increases with the step of 50 mV
from 1.2 to 1.6 VRHE, a low dissolution rate is detected. Only
when the potential exceeds 1.65 VRHE does the observed
dissolution peak increase significantly. When the potential
changes cathodically, an even higher dissolution is triggered at
potentials below 1.25 VRHE, which matches what we observed
during the CV measurements (Figure 2a,b). As Figures S4d
and S7 show, we experimented with the length and size of the
steps in these protocols, which appeared to have a significant
effect on the cobalt dissolution rate. The stability window of
Co3O4 found in the stepwise protocols is slightly shifted in
comparison to the one observed in the CV measurements (ca.
1.4−1.6 VRHE). However, cobalt dissolution can be minimized
depending on the electrochemical measurements’ conditions,
e.g., smaller potential steps or the difference between the initial
and final potentials (Figure S7d). Nevertheless, the potential,
which is high enough to start the OER and increase the
current, leads to the dissolution of cobalt even at very low
current densities.

As previously mentioned, the OER-induced dissolution
might occur due to the participation of the oxide layer in the
OER when the exchange of oxygen atoms between the
electrode and the electrolyte occurs. To estimate the role and
extent of the oxygen exchange in Co3O4 during the acidic
OER, we performed the start-up/shutdown protocol in the
isotope-labeled electrolyte using DEMS. In Figure 3, we
illustrate the performed protocol and the obtained DEMS
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results. Both m/z = 34 (16O18O) and m/z = 32 (16O16O)
signals steadily increase during the initial OCP hold, implying
the release of oxygen from the lattice of cobalt oxide due to its

dissolution. In all consecutive cycles, we observe an increased
O2 evolution under operation conditions (1 mA cm−2), while
after the shutdown (0 mA cm−2), it decreases rapidly.
However, the ratio between m/z = 36, m/z = 34, and m/z =
32 changes during the consecutive cycles. In the initial cycle,
the m/z = 34 (16O18O) and m/z = 32 (16O16O) signals are
higher than expected from the electrolyte content (97%
H2

18O) and decrease within a few first cycles (Figure S8).
During further cycles, however, the trend changes, and the
16O18O and 16O16O fractions start rising again. We assume that
the dissolution of Co3O4 during the first OCP step (also
observed in Figure 1b) results in water (H2

16O) formation
(eqs OCP1 and OCP2, Supporting Information), which
increases the ratio of H2

16O to H2
18O water near the electrode

and originates the initial high fractions of m/z = 34 (16O18O)
and m/z = 32 (16O16O) (note that, unlike flow conditions in
the SFC, the electrolyte was stagnant in the DEMS cell). The
depletion of the formed H2

16O by consumption and diffusion
decreases these fractions in the next few cycles. An increase of
both fractions after cycle 4 suggests that oxygen exchange and
lattice participation of cobalt oxide take place during the OER
(Figure S8b, eqs B1, B1.1, and B1.2).

Utilizing model porous Co3O4 with a well-defined ordered
mesoporous structure has the benefit of more accurately
tracking the morphological changes in the material under
electrochemical conditions. Here, we employed IL-STEM to
examine the dissolution of ordered mesoporous cobalt oxide
visually. The images presented in Figure 4 confirm the
dissolution of Co3O4 as the thickness of the catalyst walls
decreases similarly after various electrochemical protocols. It is
worth mentioning that the walls of such a complex 3D
mesoporous structure seem to decrease in size uniformly,
which suggests that most of the catalyst surface is in contact
with the electrolyte, and this morphology does not prevent the

Figure 3. DEMS results for the start-up/shutdown protocol recorded
with OM-Co3O4 in the 97% H2

18O isotope-labeled 0.05 M H2SO4.
The upper plot (a) depicts the applied current and recorded potential
response; plot (b) shows the molecular flux of the 18O18O (m/z =
36), 16O18O (m/z = 34), and 16O16O (m/z = 32); plot (c)
demonstrates the fractions of 18O18O (m/z = 36), 16O18O (m/z = 34),
and 16O16O (m/z = 32) calculated for each cycle.

Figure 4. High-resolution annular bright field (ABF) and high angle annular dark field (HAADF) IL-STEM images of Co3O4 before and after the
start-up/shutdown (a) and constant potentiostatic hold (b) electrochemical protocols.
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electrolyte flow through the pores. Although the decrease in
size of the catalyst confirms the dissolution of cobalt, it is
obvious that the crystallinity of the oxide did not undergo
significant changes, which contradicts some of the published
works, where Co3O4 spinel (surface) structure was destroyed
due to the exposure to the OER conditions.53,54 Interestingly,
there is also no sign of a thin amorphous layer on the surface,
which suggests impressive structural stability. Moreover, the
lack of the amorphous layer seems to be independent of the
electrochemical protocol. Amorphization of the cobalt oxide’s
surface during the OER was first observed in alkaline media
and is assumed to be beneficial as it occurs due to the
formation of active CoO(OH) species.35,55,56 Yang’s group
observed the formation of an amorphous layer on the Co3O4
surface also during the acidic OER, which they explained by
the formation of the hydrous oxide layer (HOL).32 The
authors concluded that the HOL growth damaged the
crystalline integrity of Co3O4 and correlated its formation to
the initial structure�higher amounts of CoIII in the Co3O4
structure are associated with the covalent bonding, which
induces the LOER and creates a higher number of oxygen
vacancies on the oxide’s surface promoting dissolution of
cobalt. Although we certainly observe cobalt dissolution and
assume the LOER mechanism, we do not see the formation of
a thin amorphous layer in the high-resolution transmission
electron microscopy (HR-TEM) images. The authors also
suggested that the HOL formation speed and, thus, the
dissolution of Co ions can be delayed by the presence of a
higher number of CoII species on the oxide’s surface.32,45

Higher CoIII/CoII ratio, however, is considered beneficial for
the activity of Co3O4 in the acidic OER,57,58 which implies that
the main challenge of using cobalt-based oxides as the acidic
OER catalysts would be to find a middle ground between their
activity and stability. This challenge, however, can also be
addressed by facet engineering, as was shown previously.59 All
this opens many directions for further research in this area.

Getting back to our results, Figure 4 suggests that overall
Co3O4 dissolution is similar in both cases: at the constant
potential and start-up/shutdown operation. This might be an
indirect confirmation of the OER-induced dissolution, which
again suggests lattice participation in the OER process.
However, resolving the exact dissolution mechanisms during
the OER would require other approaches, some of which were
successfully employed in recently published papers.7,30,45 On
the other hand, contact dissolution could play an important
role in morphological changes. As we demonstrated above,
bringing Co3O4 in contact with the electrolyte often
contributes the most to its overall dissolution (Figures 1 and
2). Therefore, we also tracked the change in the OM-Co3O4
morphological structure right after its contact with the
electrolyte without any applied electrochemical protocol
(OCP). Figure S9 reveals an obvious change in the size of
the catalyst due to its intense contact dissolution. A
comparison of the images after the initial contact and after
the two electrochemical protocols shown in Figure 4 suggests
that almost 7 h long electrochemical protocols under constant
or changing potentials in the OER region trigger lower
dissolution than the initial material-electrolyte contact. This
confirms that the potential-triggered transient dissolution due
to the rapid oxidation processes on the Co3O4 surface is the
main contributor to the degradation of the cobalt oxide in
acidic electrolytes. It also offers several options for limiting the
overall dissolution of Co3O4 during the operation. As an
example, using a low volume of electrolyte may help to reach
the saturation limit of Co ions in the solution and prevent
further intense dissolution of the material.9,60 Moreover, even
in the scope of this work, we have seen different intensities of
the contact dissolution peaks depending on the conditions at
which the contact occurred (e.g., OCP, 0.05, or 1 VRHE), which
suggests that an optimal contacting condition might help to
decrease the dissolution of the cobalt oxide catalyst. Another
option to minimize contact dissolution would be to introduce

Figure 5. Schematic representation of the suggested mechanisms of the reactions occurring during the cyclic voltammetry at the Co3O4 surface.
The color code of the arrows is respective to the highlighted regions in the dissolution profile presented in the bottom right corner of the scheme.
Each reaction arrow is numbered according to the equations presented in Chapter 3 of the Supporting Information. Alternative reaction paths are
not shown here for the simplicity of the figure. Copyright 2024 Kateryna Streltsova.
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species of high oxidation states on the surface of the oxide-
based electrode to prevent additional oxidation reactions. This,
however, needs further intensive investigation. On the other
hand, as we mentioned earlier, a few works hypothesize that
Co in the lower valence states is more stable and suggest
doping the Co3O4 spinel with elements like Mo or W, which
can serve as sources of electrons due to their multivalent nature
and, therefore, prevent further oxidation of cobalt cati-
ons.25,26,61,62 This strategy was studied more actively for the
Ni, Fe, and Co-based catalysts for the alkaline OER,61 and is
only now being implemented for the acidic OER.26,62

Based on this work’s results, we attempted to identify all the
dissolution processes that occur, starting with the initial
contact between the catalyst and the electrolyte and during the
cycling from 1.0 to 1.8 VRHE. Figure 5 depicts the possible
reactions schematically, and Chapter 3 in the Supporting
Information offers the equations we propose to describe the
observed behavior of cobalt oxide. We emphasize that our
suggestions are based only on the results presented in this
work and on the thermodynamic data. Future spectroscopic
studies are necessary to improve our hypothesis. At first, an
intense chemical dissolution occurs at the initial contact of the
electrode with the electrolyte (violet region, eqs OCP1 and
OCP2). This dissolution process is accompanied by the
formation of water and oxygen, as the intense dissolution of
cobalt ions frees a significant amount of oxygen ions from the
spinel lattice, some of which then form water due to the
interaction with H+ present in the electrolyte. Changing the
potential into the anodic direction causes surface restructuring
and the first oxidation reaction (A1 oxidation peak in Figure
2d, assumingly CoII to CoIII) in the range of approximately
1.3−1.55 VRHE. This oxidation reaction also results in cobalt
dissolution (blue region, eq A1). Strictly speaking, the
dissolution starts even before the oxidation region (before
1.4 VRHE). However, it is difficult to separate those dissolution
peaks, and here, we highlight them as one. With further
increase in potential, the second oxidation reaction starts (A2
in Figure 2d, CoIII to presumably CoIII−IV), and the formation
of stable CoIII−IV-based species occurs (orange region, eq A2).
This reaction does not trigger dissolution, as we can see a clear
drop in the dissolution rate. We assume that these formed
CoIII−IV-based species can be stable at the constant potential or
in a narrow potential window (1.55−1.65 VRHE). In our case,
however, the potential increases further and enters the OER
region, where the dissolution rate is the highest (pink region,
eqs B1, B1.1, and B1.2). By analyzing the online ICP-MS and
DEMS data, we assume that Co3O4 lattice participation in the
OER might be the main reason for such a high dissolution of
cobalt. During the OER, previously formed CoIII−IV-based
species decompose to unstable low oxidation states species of
cobalt (CoII species, e.g., CoO) with a simultaneous formation
of O2 (eq B1), which is followed by the dissolution of cobalt
and, again, the formation of O2 (eq B1.1). When the potential
stays constant or decreases, the dissolution of cobalt drops,
which, as we assume, happens due to the reoxidation of CoII-
based species and stabilization of the surface (eq B1.2). We
also suggest an alternative path for the LOER mechanism,
which can be adapted for the CoII/CoIII redox couple if the
formation of the CoIV species is proven impossible by further
studies and is presented by eqs B2.1−B2.4 in the Supporting
Information. After reaching 1.8 VRHE, we switched to the
cathodic direction and saw an immediate decrease in the
dissolution of cobalt as there was no oxidation anymore. There

are two dissolution areas presumably caused by the reduction
processes (assumingly CoIII−IV/CoIII (C2 reduction peak in
Figure 2d) and CoIII/CoII redox couples (C1 in Figure 2d),
green regions, eqs C1 and 2, respectively). Although it is
difficult to confirm the formation of CoIV species in the
precatalytic region,56 the presence of the later redox peaks
suggests the oxidation of CoIII to a higher oxidation state and is
suggested by the thermodynamic data presented in Pourbaix
diagrams (Figure S6).32,44

■ CONCLUSION
In conclusion, our work provides valuable insights into the
stability of highly porous spinel Co3O4. These results underline
the promising performance of cobalt oxide in acidic electro-
lytes and highlight the critical importance of the conditions at
which the Co-based electrode is brought in contact with the
electrolyte and is further tested. We also found a potential
stability window, which lies in the precatalytic region where the
formation of stable CoIII−IV-based species occurs (in our case,
1.55−1.65 VRHE based on the 2 mV s−1 CVs). Analysis of the
OER mechanism by the isotope-labeled experiments with
DEMS and the IL-TEM results suggests lattice participation in
the OER, which induces rapid dissolution of cobalt during the
reaction. However, the overall OER-induced dissolution seems
to be lower than the initial contact dissolution of cobalt oxide
and plays a less destructive role in the long run. Moreover,
based on the HR-TEM images, we conclude that the
crystallinity of the material is not affected by the harsh
oxidizing conditions. Finally, by correlating and analyzing all
the results, we come up with the possible reaction mechanism.
We believe that this work offers valuable insights that provide
the fundament for further knowledge-driven research on non-
noble metal-based oxides and on the optimal conditions for
their testing as acidic OER catalysts. Much extensive research
focused on developing alternative noble metal-free catalysts for
PEM water electrolysis has been published recently, where the
activity is the focus of the investigation. With this work, we
hope to bring the community’s attention to the holistic
approach to evaluating the electrocatalytic performance of the
materials, where the dissolution plays a significant role in the
stability and activity of the materials.

■ EXPERIMENTAL METHODS
Synthesis of KIT-6-100 Ordered Mesoporous Silica. Meso-

porous KIT-6 silica with a 3-D cubic la3d symmetry was prepared
following the procedure reported by Kleitz et al.63 Briefly, 5.13 g of
Pluronic P123 triblock copolymer (Sigma-Aldrich, Germany), 185.33
g of deionized water, and 9.92 g of concentrated HCl (37%, Sigma-
Aldrich, Germany) were weighed into a 250 mL PP reaction flask.
The P123 pore-generating agent was fully dissolved by vigorous
stirring overnight at 35 °C in an incubator. The next day, 5.13 g of n-
butanol (99%, Thermo Fisher Scientific, Germany) was added to the
stirred mixture. After 1 h of stirring, 11.03 g of tetraethyl orthosilicate
(TEOS, 98%, Thermo Fischer Scientific, Germany), the silica
precursor, were added in one shot. After 24 h of vigorous stirring
at 35 °C, the reaction flask was placed in a convection oven for
hydrothermal treatment at 100 °C for 48 h in static conditions. The
precipitated silica was isolated by filtration and dried overnight at 140
°C. Subsequently, the powder was dispersed in a mixture of 200 mL
of ethanol and 2 drops of concentrated HCl for 45 min to remove the
soft template. After filtration, the powder was calcined at 550 °C for 5
h.

Preparation of Ordered Mesoporous Co3O4 via One-Step
Impregnation Nanocasting Procedure. Based on the procedure
described by Yen et al.,64 the KIT-6-100 hard template was dried at
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150 °C in a vacuum oven overnight prior to use. 1.0 g of the silica was
mixed with 2.5 g Co(NO3)2·6H2O (98.0−102.0%, Thermo Fischer
Scientific, Germany) and 10 mL of n-hexane (≥99%, Sigma-Aldrich,
Germany) and ground thoroughly in an agate mortar until the powder
mixture became dry. The mix was transferred into a 50 mL round-
bottom flask and refluxed in 30 mL of n-hexane at 80 °C overnight.
The powder was isolated by filtration, dried overnight at 70 °C, and
calcined at 500 °C for 5 h in a muffle oven. The silica template was
removed by two overnight treatments in 2 M NaOH (pellets, ≥98%,
puriss. p.a., ACS reagent, Sigma-Aldrich, Germany) at 80 °C. The
obtained mesoporous Co3O4 powder was washed twice with
deionized water and once with ethanol and dried at 70 °C overnight.

Characterization. The nitrogen adsorption−desorption isotherm
was recorded at 77 K (−196 °C) using an Anton Paar QuantaTech
Inc. Autosorb iQ2 instrument (Boynton Beach, FL, USA). Prior to
the measurement, the sample was outgassed overnight at 80 °C under
vacuum. Data evaluation was performed using the software provided
by the manufacturer (ASiQWin 5.2). The Brunauer−Emmett−Teller
(BET) theory was applied on the relative pressure range 0.125−0.275
P/P0 to determine the BET specific surface area (SSA) and the total
pore volume Vtotal was obtained at P/P0 = 0.95.65 The nonlocal
density functional theory (NLDFT) kernel for SiO2 surfaces and
cylindrical pore geometries was used on the adsorption branch of the
isotherm to calculate the pore size distribution, NLDFT pore volume
and NLDFT SSA. The (metastable) adsorption was favored over the
desorption (equilibrium) branch due to the hysteresis loop closing at
around P/P0 = 0.45, which could overlap with pore blocking or
cavitation effects and, therefore, lead to artifacts.66

The low-angle and wide-angle powder X-ray diffraction (PXRD)
patterns were obtained with a PANalytical EMPYREAN equipped
with a PIXcel3D detector (Malvern PANalytical, United Kingdom),
using Cu Kα radiation (45 kV, 40 mA). The Focusing Mirror
geometry setup was mounted for the low-angle PXRD measurement
(0.5−4 2θ), which was performed in transmission mode with a data
acquisition time per step of 50 s. The wide-angle PXRD measurement
was recorded from 10 to 90 2θ with Bragg−Brentano HD reflection
geometry setup and a data acquisition time per step of 300 s. Both
measurements were recorded in continuous mode, employing a step
size 2θ of 0.013°.

X-ray photoelectron spectroscopy (XPS) spectra were recorded
using a Nexsa (Thermo Scientific, MA, USA) instrument equipped
with an Al Kα radiation source (72 W) and an integrated flood gun.
The survey spectrum was obtained using a pass energy of 200 eV and
an energy step size of 1 eV. The C 1s and Co 2p high-resolution
spectra were acquired by measuring 50 passes with a pass energy of 50
eV and an energy step size of 0.1 eV. The deconvolution of charge-
corrected spectra (C 1s peak at 284.8 eV) was performed with the
Avantage software (Thermo Avantage v5.9922).

Stability Measurements (Online ICP-MS). A suspension of
ordered mesoporous Co3O4 (OM-Co3O4) was prepared with
ultrapure water (Milli-Q IQ 7000 Merck) and 2-propanol (Emsure,
Merck, ≥99.8% purity) in a ratio of 7:1. Nafion (Sigma-Aldrich, 5 wt
%) was added to the suspension as a binder in order to achieve 20 wt
% of Nafion in the ink. The suspension was sonicated with the
sonication horn (Branson SFX 150) for around 20 min with intervals
(4 s pulse, 2 s pause) and 40% intensity until the ink was
homogeneous. To prevent the heating of the ink mixture, the vial
was kept on ice during sonication. After sonication, the pH of the
suspension was adjusted to ∼10 with 1 M KOH before drop-casting
0.25 μL of the suspension on a freshly polished glassy carbon (GC)
plate (5 × 5 cm2, Sigradur G, HTW), serving as a working electrode.
The loading of the catalysts was aimed to be 20−25 μg cm−2. The
quality and the area of the drop-casted spots (average area of ca. 0.015
cm2) were examined with the use of the optical microscope (Keyence
VK-X250).

The stability of the drop-casted samples was examined with a
scanning flow cell (SFC) combined with inductively coupled plasma
mass spectrometry (ICP-MS). A GC rod and an Ag/AgCl electrode
(Metrohm) were used as counter and reference electrodes (CE and
RE), respectively. Freshly prepared 0.05 M H2SO4 (96% Suprapur,

Merck), saturated with Ar was used as an electrolyte and purged
through the setup with a flow rate of 3.6 ± 0.1 μL s−1. The electrolyte
flow rate was controlled by the peristaltic pump of the ICP-MS
(Elemental Scientific M2). The ICP-MS (PerkinElmer NexION 350
× ICP-MS) instrument was calibrated daily with known amounts of
analyzed metal (Co59) and internal standard (Ge74). The working
electrode was placed on a translational stage (Physik Instrumente M-
403) that allows the SFC to quickly move along the electrode and
rapidly screen multiple samples. All electrochemical measurements
were performed using a Gamry Reference 600 potentiostat. All
instruments (gas control box, mass flow controllers, peristaltic pump,
and translational stage) were controlled by homemade LabView
software.

Electrochemical Protocols. Several electrochemical protocols
were employed to assess the stability of the catalyst in a wide range
potential window and under the OER conditions. First, the so-called
accelerated stress test (AST) containing a hold at varied potentials
(0.05 and 1.00 VRHE) followed by 200 cycles of cyclic voltammogram
(CV) measurements at a scan rate of 200 mV s−1 in a potential range
of 1.2 VRHE (or 1.4 VRHE) to 1.7 VRHE and finished with the hold at the
same potential as in the first step. This protocol was employed to gain
general information about the potential stabilization of Co3O4 under
harsh electrochemical conditions at low pH. To have a closer look at
the processes occurring in the OER/pre-OER potential range and
assess the material’s stability during the power on/off operation, we
designed the second protocol: the galvanostatic holds at open circuit
potential (OCP) (10 min at the start, 2 min at each following step)
and current applied to reach 1 mA cm−2 current density (2 min each
step) were applied. Third, two CV cycles were measured in the
potential range of 0.05 VRHE < E < 1.8 VRHE, with a scan rate of 2 mV
s−1 to follow the dissolution of Co and resolve the anodic and
cathodic peaks under constantly changing potential. In order to
investigate the potential stability window, we applied the fourth group
of the protocols consisting of the stepwise change of potential in the
range from 1 to 1.8 VRHE in anodic and cathodic directions with the
step of 20 or 50 mV and holds at each step of 2−5 min. To ensure
reproducibility of the results, all measurements were repeated at least
twice on individual pristine drop-cast catalyst spots. Differences in
surface areas were accounted for by normalizing the absolute currents
with the geometric surface area of the catalyst spots employed as
working electrodes.

DEMS Measurements. Before each measurement, we cleaned all
glass and Teflon equipment and platinum wires in a solution of
NOCHROMIX (Sigma-Aldrich) in concentrated H2SO4 (Merck,
EMSURE, 98%) overnight. We stored all parts made out of
polyetheretherketone in a solution of KMnO4 (6.33 mM) in ultrapure
water for 1 day. In later case, we removed formed manganese dioxide
by diluted piranha solution [H2SO4 (Emsure 98%) and H2O2
(Supelco, 30%); 2:1]. Before the experiments, we cleaned the
equipment by three cycles of rinsing (5 times) and boiling (30 min)
in ultrapure water (Milli-Q Synergy UV, 18.2 MΩ·cm at 25 °C, TOC
< 5 ppb). We annealed all noble metal wires in the flame of a Bunsen
burner and rinsed these subsequently with ultrapure water. For the
measurements in H2

18O, we dried the equipment before use under a
nitrogen stream.

Before use, we cleaned an Au substrate (99.999%) in freshly
prepared piranha acid [H2SO4(conc.)/H2O2(30%) 2:1]. Afterward
the crystal was thoroughly rinsed with ultrapure water (Milli-Q
synergy UV, 18.2 MΩ cm at 25 °C, <5 ppb TOC) and annealed in
the flame of a Bunsen burner at orange glow for 3 min. After the
surface was cooled down, we coated it with 10 μL cobalt oxide ink
and let it dry for 30 min. The ink was prepared by following the same
procedure as described above, except for the amount of dispersed
powder OM-Co3O4 to reach a higher loading. The loading was aimed
to be 120 μg cm−2.

We measured DEMS using a home-built setup. The setup consists
of a commercial inlet microchip (SpectroInlets),67 a home build
electrochemical cell, a high vacuum compartment, a quadrupole mass
spectrometer (Pfeiffer, 220 QMG), and a commercial potentiostat
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(AutoLab PGSTAT204). We provide further details about the used
DEMS setup in our previous publication.68

Single mass spectra were recorded with a dwell time of 50 ms per
mass. We performed the experiments using the prepared cobalt oxide
surface as working electrode and a platinum wire (Hauner 99.999%)
as CE. As RE, we used home-built reversible hydrogen electrodes
(measurements in H2

16O) or Pd/H electrodes (measurements in
H2

18O). To prepare the Pd/H electrodes, we follow a recipe by Vasile
and Enke.69 In this work, we refer all potentials to the RHE (+50
mVPd/H). The 97% H2

18O water (1 mL) was used to prepare 0.05 M
H2SO4 (Merck, EMSURE, 98%) solution as an electrolyte.

IL-TEM Measurements. IL-STEM characterization of Co3O4 was
carried out by drop-casting an ink (1 mg mL−1 Co3O4 in Milli-Q
water (18.2 MΩ cm) and Nafion solution (D520, Ion Power), added
at a ratio of 1:4 between ionomer and Co3O4), on a gold TEM grid
(Agar Scientific, Holey Carbon Films on 300 Mesh Gold). The
prepared grid was then assembled into a modified floating apparatus,
in detail described in our previous publications,70 and used as a
working electrode in electrochemical experiments. All measurements
were performed with a Biologic SP-300 potentiostat in 0.05 M H2SO4
(96%, Supelco) solution with a glassy carbon rod and reversible
hydrogen electrode (HydroFlex, Gaskatel GmbH) as counter and
reference electrodes, respectively. The system was continuously
purged with Ar throughout the experiment. Three electrochemical
protocols were tested, with two of them starting with five CV between
1.3 and 1.7 V s, measured with a 20 mV s−1 scan rate. In the first
protocol, a dynamic perturbation, simulating the power on/off
conditions, was applied. This was done by 100 repetitions of 2 min
galvanostatic hold at 1 mA cm−2 and 2 min hold at OCP. The second
stationary protocol was continued by a 400 min potential hold at 1.75
V. A third grid was contacted with the electrolyte at OCP for 10 min
to test the effect of the contact on the structural stability of Co3O4.

Before and after electrochemical protocols, TEM characterization
was performed on the grids with a JEOL-ARM 200CF, operated at 80
kV. Data was acquired in a STEM mode [bright-field (BF) and
HAADF] with a camera length of 8 cm, providing a collection angle
range of 68−175 mrad.
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